A 17 amino acid peptide containing the arginine-rich region of the HIV Rev protein binds specifically to Rev response element (RRE) RNA. Even though it is highly charged, the peptide forms an a helix in solution, but only when its N-and Ctermini are modified to provide favorable electrostatic interactions with the helix macrodipole. Binding aff inlty for IIB RNA (the primary binding site within the RRE) increases with a helix content, whereas nonspecific binding affinity is independent of helix content. Binding of mutant peptides demonstrates that one threonine, one asparagine, and four arginine side chains are important for sequence-specific recognition. Transactlvation of the HIV LTR using Tat-Rev peptide hybrids and the RRE 118 site indicates that the peptide adopts an a-helical conformation in vivo. The results suggest that interactions with the RNA backbone may help to orient the a helix in the major groove of RNA.
Introduction
The structures of several DNA-protein complexes have been determined recently by X-ray crystallography and nuclear magnetic resonance (NMR). While no strict amino acid-base "recognition code" has emerged, it seems that many DNA-binding proteins use side chains from a helices, sometimes referred to as "recognition helices," to form base-specific interactions in the DNA major groove (Steitz, 1990; Harrison, 1991; Pabo and Sauer, 1992) . Structural studies of RNA-protein complexes, which are at an earlier stage, have so far revealed few common features. The crystal structures of two tRNA synthetasetRNA complexes both show extensive protein-RNA interfaces but few similarities in protein architecture or sites of RNAcontact(Rouldetal., 1989,199l; Ruff etal., 1991) . Each synthetase induces a conformational change in its cognate tRNA, positioning groups on the bases and backbone for specific binding.
The recent identification of three sequence motifs common to many RNA-binding proteins suggests that some classes of proteins may use similar structural elements for RNA recognition. The first motif, the RNP (ribonucleoprotein) motif [also known as the RRM (RNA recognition motif) or RBD (RNA-binding domain)], is -80 amino acids in length and is characterized by two short consensus sequences, RNP-1 and RNP-2, and additional conserved hydrophobic residues (Kenan et al., 1991) . The crystal structure (Nagai et al., 1990) and NMR structures (Hoffman et al., 1991; Wittekind et al., 1992) of two members of this family indicate that conserved amino acids interact within a core P-sheet structure. Computer modeling and preliminary NMR experiments suggest that basic amino acids in one region of the domain may provide the RNAbinding surface (GBrlach et al., 1992; Jessen et al., 1991) . The RNP motif has been found in splicing factors, hnRNP proteins, poly(A)-binding proteins, and early regulators of Drosophila development (Kenan et al., 1991) . The second motif, the arginine-rich motif, consists of a short region of basic amino acids (perhaps 8-20 residues in length) particularly rich in arginine. This motif has been found in bacterial antiterminators, ribosomal proteins, and the human immunodeficiencyvirus (HIV) Tat and Rev proteins (Lazinski et al., 1989) . The arginine-rich domain of Tat has been well characterized and is described below. The third motif, the RGG motif, also contains arginines but differs from the arginine-rich motif in having the repeated sequence Arg-Gly-Gly (Kiledjian and Dreyfuss, 1992) . RGG domains have been found in nucleolar and hnRNP proteins.
The Tat and Rev proteins from HIV are regulatory proteins that bind to transacting responsive (TAR) and RRE RNA% respectively. In each case, a short peptide containing just the arginine-rich domain (9 amino acids from Tat and 17 amino acids from Rev) binds to RNA with specificity similar to the intact protein (Weeks et al., 1990; Calnan et al., 1991a; Kjems et al., 1992) . In Tat, a single arginine residue is responsible for specific recognition of a bulge region in TAR (Calnan et al., 1991 b) , and arginine, even as the free amino acid, binds to TAR in the same manner as in the Tat peptide Tao and Frankel, 1992) . A preliminary NMR structure of the arginine-TAR complex (Puglisi et al., 1992) indicates that the arginine guanidinium group hydrogen bonds to two phosphates on the backbone and to a guanine base in the major groove, consistent with the arginine fork (Calnan et al., 1991 b) and major groove binding (Weeks and Crothers, 1991 ) models. The complex appears to be stabilized by a base triple interaction between a uridine in the bulge and an AU base pair above the bulge (Puglisi et al., 1992 (Puglisi et al., , 1993 . Other basic amino acids within the arginine-rich domain of Tat help to increase the overall RNA binding affinity and enhance the specificity of arginine binding through electrostatic interactions with the backbone (Tao and Frankel, 1993) . One unusual feature of the argininerich domain of Tat is that it appears to be unstructured, even in the context of the intact protein (Calnan et al., 1991a (Calnan et al., , 1991b .
RNA recognition by the Rev peptide is more complex. A stem-loop structure known as RRE IIB has been identified as the high affinity Rev-binding site and contains an asymmetric internal bulge and at least one non-Watson-Crick base pair (Bartel et al., 1991; Cook et al., 1991; Heaphyet al., 1991; Kjemset al., 1992; Tileyet al., 1992b) . The determinants of peptide binding in IIB are located in and near the internal bulge (Bartel et al., 1991; Heaphy et al., 1991; Kjems et al., 1992; Tiley et al., 1992b ) and appear to be more extensive than the determinantsof arginine binding to TAR. Arginine alone is not sufficient to mediate specific binding of the Rev peptide (Kjems et al., 1992) . In this paper, we demonstrate that the arginine-rich domain of Rev binds specifically to RRE IIB only when in an a-helical conformation, and we identify 6 amino acids important for binding. The interaction of the Rev helix with RNA may be analogous to the interaction of recognition helices of DNA-binding proteins with DNA.
Results
Specific Binding of a Rev Peptide to RRE IIB RNA It has been shown previously that a 17 amino acid peptide containing the arginine-rich region of Rev (amino acids 34-50; Figure 1A ) binds to the RRE and to the high affinity IIB stem-loop ( Figure 1A ) with specificity similar to intact Rev (Kjems et al., 1992) . To examine further the binding specificity of Revadmm and to identify RNAs that bind nonspecifically but contain only small changes in IIB structure, we measured peptide binding to two point mutants of IIB and to a single base pair substitution mutant known to reduce Rev binding affinity (see Figure 1A) . Mutation of G71 (to A71) or G47 (to A47) in the asymmetric internal bulge or mutation of the G46-C74 base pair (to C46-G74) reduced Rev3&-affinity by about 1 O-fold compared with wild-type II6 (Figure 1 B) . These results are consistent with chemical modification and mutational studies using intact Rev (Bartel et al., 1991; Kjems et al., 1991; Tiley et al., 1992b) and further indicate that the Rev peptide and protein bind to RNA in a similar manner.
RevJ4-s,, Forms an a Helix in Solution
In contrast to the flexible sequence requirements of the Tat peptide for TAR binding (Calnan et al., 1991a (Calnan et al., , 1991 Tao and Frankel, 1993) , the precise sequence of the Rev peptide is important for RRE IIB binding (Kjems et al., 1992) . We reasoned that the stricter sequence requirement might indicate that, unlike the Tat peptide, the Rev peptide may adopt a particular structure and that several amino acids, rather than a single arginine, may participate in sequence-specific RNA interactions.
To test whether the Rev peptide formed any structure in solution, we measured the circular dichroism (CD) spectrum of N-Rev34-5(ram, the peptide used in Figure 1 B and in the previous binding study (Kjems et al., 1992) . This particular peptide has a free N-terminus and an amidated C-terminus. Surprisingly, even though it is a short peptide with ten charged arginine residues, N-Rev%%-am contains approximately 4% a helix at 4'C ( Figure 2 ; peptide II; calculated from the CD minimum at 222 nm).
The helical conformation of short peptides can often be stabilized by modifying their termini so that favorable electrostatic interactions can occur with the helix macrodi- (Bartel et al., 1991; Kjems et al., 1991 Kjems et al., , 1992 Tiley et al., 1992b) . Large arrows indicate positions of phosphates whose modification interferes with binding (Kjems et al., 1992 ). An important non-Watson-Crick base pair between G46 and G71, identified by in vitro RNA selection (Bartel et al., 1991) , is indicated by the dashed line. The three mutants used in this study (A47, A71, and C46-G74) were previously shown to decrease Rev binding affinity (Bartel et al., 19%) . (6) Peptide binding to IIB mutants. Binding reactions were carried out in the presence of tRNA at the peptide concentrations indicated, and free RNA and peptide-RNA complexes were resolved by the gel shift assay. Each pair of lanes corresponds to RNA alone and peptide-RNA binding reactions. Binding reactions with the mutants contained lo-fold more peptide than with wild-type IIB, so that both the shifted and unshifted bands could be seen. The wild-type lanes on both sides of the gel are identical. The slower mobility of the A71 mutant in the absence of peptide may indicate that its unbound conformation is different from that of wild-type IIB. Note that all complexes formed with mutated RNAs displayed faster mobilities relative to the wild-type complex. This phenomenon has been seen with other mutant RNAs and with mutant Rev peptides and has been interpreted as differences in RNA conformation between specific and nonspecific complexes (Kjems et al., 1992) .
pole (Marqusee et al., 1969) . The macrodipole arises from the alignment of individual peptide bond dipoles in an a-helical conformation, resulting in a net positive charge at the N-terminus and a net negative charge at the and an amidated C-terminus, peptide Ill (triangle) has an acetylated N-terminus and an amidated C-terminus, peptide IV (open square) has a succinylated N-terminus and an amidated C-terminus, and peptide V (closed circle) has a succinylated N-terminus and an amidated C-terminus and contains four additional alanines and one additional arginine at its C-terminus. Double mimina at 208 nm and 222 nm are indicative of a helix formation, and helix content is proportional to the signal at 222 nm (see Figure 3 ).
C-terminus (HOI et al., 1981; Shoemaker et al., 1987) . In the N-Rev3650-am peptide, the charged amino group (NH,') at the N-terminus would be expected to destabilize the helix, whereas the amidated C-terminus (CONH*) would be expected to stabilize the helix by removing the charged carboxyl group (COO-). Indeed, when the C-terminus was changed to a free carboxyl group, the helix was destabilized, and the peptide adopted essentially a random conformation ( Figure 2 ; peptide I; N-Rev34-50-C). In contrast, acetylation of the N-terminus (CH&O-NH), which removes the charged amino group, increased the helix content to 11% (peptide Ill; ac-Rev34-M-am). The helix could be further stabilized (to 28%) by adding a negatively charged succinyl group (-OOC-CH2-CH&O-) to the N-terminus (peptide IV; suc-Rev34_~-am) and by adding four alanines and one arginine to the C-terminus (51% helix; peptide V; suc-Rev3650-AAAAR-am). Alanine residues have a high helical propensity and often help to increase helix formation (Marqusee et al., 1989) ; the additional arginine was added to maintain the C-terminal charged residue. The extent of helix formation was similar when four alanines were added to the N-terminus, and adding alanines to both ends increased helicity slightly to 57% (data not shown). For all peptides, helical content was independent of peptide concentration (l-40 uM; data not shown), suggesting that they are monomeric and do not aggregate. The double minima observed at 208 nm and 222 nm (Figure 2 ; peptide V) are characteristic of a high helical content; this degree of helix formation is unusual for such short peptides, even for peptides that are not so highly charged (Marqusee et al., 1989) .
a Helix Formation Correlates with Specific Binding to IIB Having established that the Rev%% peptide can form a relatively stable a helix when its ends are appropriately modified, we wished to assess the effect of heiix formation on RNA-binding activity. Gel shift experiments were performed with IIB RNA and with the C46-G74 base pair mutant to compare specific and nonspecific binding of the five peptides shown in Figure 2 . Peptides were titrated with fixed amounts of wild-type or mutant IIB RNAs in the presence of competitor tRNA. When the peptide was in a random conformation (peptide I), it was essentially unable to discriminate between wild-type and mutant RNAs and bound with only slightly higher affinity to wild type ( Figure 3A ). As the helical content increased (peptides II-V), the affinity for wild-type IIB increased, whereas the affinity for the mutant RNA was unchanged ( Figure 38 ). The slight increase in nonspecific affinity with peptide V was probably due to the additional arginine at its C-terminus. Similar binding results were obtained with the other mutant IIB RNAs described above, and peptide titrations in the absence of competitor indicated 1:l stoichiometries for all complexes (data not shown). The second complex observed with the mutant RNA (see Figures 3A and 38,600O nM lanes) probably represents two peptides bound nonspecifically, as seen with peptide-TAR complexes (Weeks et al., 1990) .
A plot of a helix content versus RNA binding specificity (the ratio of specific to nonspecific RNA binding association constants from Figures 3A and 3B) shows a linear relationship ( Figure 3C ). Extrapolation to 100% helix corresponds to a specificity ratio of -150. Because helix formation is thermodynamically linked to specific RNA binding, one can estimate AG for the helix-coil transition to be -3 kcallmol, assuming a two-state transition. It is not possible to directly measure the equilibrium constant of the specific a helix-IIB RNA interaction by the gel shift assay (in the absence of competitor RNA), because the peptides are in a conformational equilibrium and apparent Kvalues would contain both specific and nonspecific contributions. However, because nonspecific & values can be measured directly, using mutant RNAs in the absence Apparent & values(thepeptideconcentration at which 50% of the RNA was shifted) were determined for wild-type (specific, K6,) and mutant (nonspecific, K.,..,) IIB RNAs from the data in (A) and (8). Specificity, the ratio of specific to nonspecific apparent association constants (K. values), is plotted against the helix content for each peptide, determined from the CD ellipticity at 222 nm (Chen et al., 1974) . Peptide I, helix = 0.1%; h, = 2000 nM; M.., = 3000 nM Peptide II, helix = 3.9%; & = 300 nM; K,,,, = 2000 nM. Peptide Ill, helix = 10.9%; kp = 100 r&f; K,.., = 2000 nM. Peptide IV, helix = 27.9%; K., = 40 nM; Knonsp = 2000 nM. Peptide V, helix = 51.2%; kdp = 20 nM; K.,.., = 1500 nM. of competitor, and because relative (as opposed to absolute) specific and nonspecific Kd values can be determined in the presence of competitor (unstructured peptides will bind preferentially to the excess unlabeled competitor), we could estimate specific binding constants. For the most structured peptide, suc-Rev34~50-AAAAR-am, the measured nonspecific 16 was 1 .O + 0.2 nM (data not shown), and the estimated specific ffi (75fold lower than the nonspecific Kd; Figure 3 ) was 0.013 nM.
Helix content was also varied by changing temperature or solvent conditions, with corresponding changes in RNAbinding specificity. Increasing temperature (from 4% to 25%) significantly unfolded the helixand reduced specific RNA binding affinity, while addition of trifluoroethanol, a helix-stabilizing solvent, increased helix content and RNA binding specificity (data not shown).
A Proline Mutant Abolishes a Helix Formation and Specific RNA Binding To test the importance of the a helix for specific RNA binding further, we asked whether introduction of a proline mutation, expected to disrupt the helix, would affect peptide binding to 116. We first determined that Arg-42, located in the middle of the peptide, was not involved in a direct contact with IIB (see below) and then synthesized sucRev34-50-am derivatives having proline or alanine at this position (the wild-type peptide contains 28% a helix). CD spectra indicated that the proline mutation entirely eliminated the a helix, whereas the alanine mutant showed similar helical content to the wild-type peptide ( Figure 4A ). Gel shift assays with wild-type and mutant IIB RNAs showed that a helix content did indeed correlate with specific RNA binding; the proline mutant did not discriminate between wild-type and mutant RNAs, whereas the alanine mutant bound as well as the wild-type peptide (Figure 48 ). Specificity Determinants within the Peptide To identify amino acids that might directly contact the RNA, a series of suc-Rev3eM-am derivatives was synthesized with alanines substituted at each position, and binding affinities were measured using wild-type and mutant IIB RNAs. Six mutations were found to strongly decrease RNA binding specificity: substitution of arginines at positions 35, 38, 39, and 44, threonine at position 34, and asparagine at position 40 (Table 1) . In each case, the mutant peptide showed only marginal (2.5 to 4-fold) discrimination between wild-type and mutant IIB RNAs but, as for all the mutants, had a helical content similar to the wildtype peptide (Table 1) . Thus, these six mutations may remove direct RNA contacts rather than destabilize the structure of the peptide, although subtle changes in peptide structure that are beyond detection by CD cannot be ruled out. Smaller decreases in RNA binding specificity were observed with Arg46, Arg-48, and ArgdO mutants (Table l), suggesting that these side chains may provide additional interactions.
In Vivo Evidence for Helix Formation
To address whether the a-helical structure is important for RNA binding in vivo, we constructed an HIV long terminal and Arg-42-Ala mutants. Peptides were titrated at the concentrations indicated (nfvt) using wild-type IIB RNA. Binding reactions contained tRNA. Similar peptide titrations using the C46-G74 mutant RNA indicated that the nonspecific binding affinities were unchanged (data not shown).
repeat (LTR)-chloramphenicol acetyltransferase (CAT) reporter in which the TAR stem-loop was replaced by the RRE IIB stem-loop ( Figure 5A ) and constructed Tat expression vectors in which Rev peptides were fused to the activation domain (residues l-48) of Tat ( Figure 5B ). With this system, Rev peptide binding to IIB could be monitored, using Tat transactivation as a readout. Similar targeting of Tat has been reported using heterologous RNA-binding sites and Tat fusions with the MS2 coat protein or intact Rev protein (Selby and Peterlin, 1990; Southgate et al., 1990; Tiley et al., 1992a) .
When Rev*= was fused to the C-terminus of Tat ( Figure  58 ; fusion I), a low level of transactivation was observed through the IIB reporter ( Figure 5C ), suggesting that the peptide with a free C-terminus does not bind well to IIB and may be largely unstructured. When four alanines were added to either the N-or C-terminus of Revsso (fusions II and Ill), stronger activation was observed, indicating increased RNA binding and correlating with in vitro stabilization of the a helix. Addition of alanines at the C-terminus showed slightly higher transactivation than addition at the N-terminus, perhaps reflecting an unfavorable interaction of the terminal COO-group of the fusion protein with the Rev%% helix macrodipole or reflecting addition of an extra arginine at the C-terminus. When alanines were added at both termini (fusion IV), even greater transactivation was observed, suggesting further stabilization of the a helix.
Mutations were introduced into the AAAA-Revs5(, AAAAR Tat fusion protein (fusion IV) to test Revsso helix formation further in vivo. In vitro experiments demonstrated that a proline mutation at position 42 eliminates helix formation and specific IIB binding, whereas an alanine mutation has little effect (Figure 4 ). In the corresponding fusion proteins, the proline mutant showed no trans- Figure 5C ). In contrast, substitution of Asn40 with alanine, which may remove a specific RNA contact, showed no activity (data not shown). Thus, it appears that Revs% must be in an a-helical conformation to bind IIB RNA in vivo.
Discussion
We have shown that a 17 amino acid arginine-rich peptide from HIV Rev (Rev3650) adopts an a-helical conformation in solution and in vivo and binds specifically to RRE RNA only when in the helical conformation. The results demonstrate that a single a helix can achieve sequence-specific nucleic acid recognition even if the helix is not oriented within a larger protein framework. Furthermore, the transactivation experiments provide evidence that an isolated a helix can form in vivo without additional stabilizing interactions from other parts of the protein.
recent studies have shown that stable helices can form if amino acids with high helical propensities or with stabilizing interactions between side chains are incorporated (Marqusee et al., 1989; C'Neil and DeGrado, 1990) . a helices also can be stabilized by electrostatic interactions with the ends of the helix macrodipole (HOI et al., 1981; Shoemaker et al., 1987) or by having amino acids at the N-or C-termini that cap the helix with additional hydrogen bonds (Richardson and Richardson, 1988; Presta and Rose, 1988; Serrano and Fersht, 1989) . The stability of the Revw5,, helix probably results from the high helical preference of arginine @ 'Neil and DeGrado, 1990) and from favorable electrostatic interactions at the helical termini. While the high density of positively charged arginines might have been expected to favor an extended peptide conformation, the long aliphatic side chains apparently hold the guanidinium groups sufficiently far apart so as not to destabilize the helix.
Short peptides have been used extensively as model
An RNA-Binding a Helix in Intact Rev? systems to study protein folding and secondary structure.
While it is not known if the arginine-rich region (amino While early studies suggested that peptides could form acids 34-50) of Rev is helical in the context of the intact only marginally stable a helices in aqueous solution, more protein, nuclease mapping and chemical interference ex-periments demonstrate that the peptide and protein interact with the RRE in a similar manner (Kjems et al., 1991 (Kjems et al., , 1992 suggesting that the free peptide adopts aconformation similar to the RNA-binding domain of the intact protein.
CD spectra indicate that intact Rev contains -50% a helix (Daly et al., 1990) and, because prolines and glycines are scattered throughout much of the rest of the protein, the CD results further suggest that the arginine-rich region is helical. While the ends of the helix cannot be determined from our experiments, the effects of alanine mutations on RNA binding (Table 1) suggest that the a helix may begin with Thr-34 and extend at least through Arg-44 or Arg-46. Threonine at position 34 might form an N-cap (Serrano and Fersht, 1989) , whereas arginines at positions 46, 48, or 50 might interact favorably with the C-terminal charge of the helix macrodipole. The specificities of Rev%% mutants are consistent with mutational and binding studies of intact Rev. Substitution of arginines at positions 38, 39, or 44 in Rev strongly reduces RNA binding and Rev function (Olsen et al., 1990; Zapp et al., 1991) ; similar substitutions strongly reduce Rev peptide binding specificity (Table 1) . A double mutant of arginines 48 and 50 eliminates Rev activity ; single substitutions decrease Rev peptide binding specificity (Table 1) . A triple mutant in which arginines 41, 42, and 43 were changed to glycines also eliminates Rev activity ; these substitutions might be expected to significantly reduce helicity, although none would be expected to remove a specific contact (Table 1) . While we cannot rule out that other parts of Rev may directly contact the RRE 118 site, the similarity between the protein and peptide footprints (Kjems et al., 1991 (Kjems et al., , 1992 and the observation that fusing residues 34-46 of Rev onto human T-lymphotropic virus type 1 Rex can cause Rex to function through the RRE (Bohnlein et al., 1991) suggest that the arginine-rich region of Rev is sufficient to confer RRE binding specificity.
The only difference observed between Revws and the intact protein is at position 45; mutation of Trp-45 decreases Rev activity but has no effect on peptide binding specificity (Table 1 ; Kjems et al., 1992) . In the protein experiment, activity was measured using intact RRE, which, in addition to containing the high affinity IIB site, contains several other sites that bind additional Rev molecules (Cook et al., 1991; Heaphy et al., 1991; Kjems et al., 1991 Kjems et al., , 1992 Tiley et al., 1992b) . Trp-45 may be needed for protein-protein interactions between Rev monomers bound at adjacent sites and thus may be indirectly involved in RRE binding. It is important to recognize that binding of multiple Rev molecules to the RRE is necessary for Rev function (Olsen et al., 1990; Huang et al., 1991; Malim and Cullen, 1991; Zapp et al., 1991) .
Sequence Specificity Bulge regions in RNAs often provide features for protein recognition. In RRE IIB, it appears that the asymmetric internal bulge (comprising G46 through C49 and G70 through C74) and bases adjacent to the single bulged adenine (C51, U66, and G67) provide important determinants for Rev binding ( Figure 1A ). Such bulge regions are likely to contain RNA tertiary interactions (such as a purinepurine base pair [Bartel et al., 19911) to expose functional groups in the major groove for protein recognition (Weeks and Crothers, 1991) , and to distort the structure of the backbone, perhaps inducing a bend or kink (Bhattacharyya et al., 1990; Riordan et al., 1992; Turner, 1992) and allowing structure-specific arginine-phosphate interactions (Calnan et al., 1991 b) . The binding specificities of mutant Rev%50 peptides (Table 1) suggest that 6 amino acids (Thr-34, Arg-35, Arg-38, Arg-39, Asn40, and Arg-44) may make sequence-specific RNA contacts, although we cannot rule out the possibility that some peptide mutations may subtly perturb the a-helical structure. By analogy to the Tat-TAR interaction, in which a single arginine appears to donate hydrogen bonds to a guanine in the major groove and to two nearby phosphates at a bulge (Puglisi et al., 1992) it seems reasonable that at least two guanines and adjacent phosphates in IIB ( Figure 1A ; Kjems et al., 1992) may form similar contacts with arginines in the Rev helix.
When placed in an a-helical projection, the 6 amino acids important for sequence-specific IIB recognition are distributed -260° around the a helix. By comparison, in the DNA-binding a helix of GCN4, amino acids that make base-specific contacts are more tightly distributed to one face of the helix (-1 80°) (Ellenberger et al., 1992) . However, the total distribution of residues in the GCN4 helix that interact with DNA is similar to that in the Rev helix (-260") if amino acids that make DNA backbone contacts are included (Ellenberger et al., 1992) . Each of the 6 residues in the Rev helix could make a specific contact to IIB RNA if the RNA was bent slightly, particularly given the length of the arginine side chains, or if backbone contacts contributed to specificity. Indeed, the bulge regions suggest that IIB RNA is likely to be bent or kinked, unlike the straight B-form DNA helix of the GCN4 site (Ellenberger et al., 1992) . Furthermore, gel shift (Figure 1 B; Kjems et al., 1992) , RNAase footprinting (Kjems et al., 1992) , CD (R. T. and A. D. F., unpublished data) , and preliminary NMR experiments (J. Battiste, R. T., A. D. F., and J. Williamson, unpublished data) all suggest that II8 RNA changes conformation upon specific Revsso binding. Induced fit may be needed to allow a set of sequencespecific contacts to form cooperatively with different parts of the a helix and is consistent with the observation that mutation of any of the 6 important residues in the peptide almost entirely eliminates RNA binding specificity (Table  1) . Further structural studies will be needed to determine the precise nature of the sequence-specific interactions.
a Helix Recognition of DNA and RNA The interaction of a helices in the major groove of DNA is common to many sequence-specific DNA-binding proteins (Steitz, 1990; Harrison, 1991; Pabo and Sauer, 1992) . Typically, a single recognition helix presents side chains to the major groove, with the orientation of the helix determined by a larger protein framework. The way in which a DNA-binding domain docks to the DNA, often through hydrogen bonds to phosphate oxygens, is critical for correctly positioning the recognition helix and for fixing Experimental Procedures the DNA in a particular conformation (Harrison, 1991; Pabo and Sauer, 1992) . In many cases, protein dimerization adds additional orientational information, and, in the Peptide Synthesis, Purification, and Analysis Peptides (I-V) were synthesized on a Milligen/Biosearch model 9600 svnthesizer as previously reported, usinq PvBOP reaaent (Novabio- to DNA binding specificity (Talanian et al., 1990; Ellenberger et al., 1992) . Without an orientational framework, isolated recognition helices are unable to bind DNA specifically (Pabo and Sauer, 1992) .
case of GCN4, dimerization makes a major contribution The Rev34-50 recognition helix does not appear to require additional orientational information to bind IIB RNA specifically. Nevertheless, because the helix presumably binds in a discrete orientation, we suggest that the RNA backbone structure may directly provide the framework for binding. We propose that particular arginines will donate hydrogen bonds to highly positioned phosphate oxygens, determined by the precise folding of IIB at the bulges (Calnan et al., 1991 b) , and that these interactions will serve as "fiducial marks" to orient the helix, as suggested for DNAprotein interactions (Pabo and Sauer, 1992) . Thus, IIB RNA structure may substitute for the role of protein structure in specifically positioning the recognition helix. Obviously, in intact Rev one must consider the positioning of the helix within the rest of the protein.
The analogy between the roles of RNA structure and protein structure in a helix positioning is similar to one drawn previously in arginine-TAR recognition. In TAR, the arginine-G interaction appears to be oriented by hydrogen bonds between arginine and two phosphates specifically positioned by the structure of the RNA bulge (Puglisi et al., 1992 (Puglisi et al., , 1993 . In Zif266 zinc finger-DNA recognition, similar arginine-G interactions are seen, but the arginines are oriented by hydrogen bonds to aspartic or glutamic acid residues located elsewhere in the protein structure (Pavletich and Pabo, 1991) . Orienting guanidinium groups through hydrogen bonds to pairs of specifically positioned phosphates may be an important function of arginine-RNA interactions (Calnan et al., 1991 b) .
The interaction of recognition helices in the major groove of RNA will probably occur elsewhere. Some arginine-rich regions identified previously in RNA-binding proteins (Lazinski et al., 1969) may form helical structures. One arginine-rich peptide from cowpea chlorotic mottle virus coat protein, thought to be involved in RNA packaging, does indeed display significant helical content in the presence of oligophosphates (van der Graaf et al., 1992) , although its specific RNA-binding site is not yet known. The seryl-tRNA synthetase structure shows a remarkably long antiparallel a-helical arm (Cusack et al., 1990) , and recent results from cocrystals with tRNASBr show that the arm plays a major role in specific recognition (S. Cusack, personal communication) . In this case, the arm makes only two direct contacts to bases but several contacts to the tRNA backbone. Clearly, it will be interesting to compare the structures of a helix-RNA and a helix-DNA complexes to understand better the relative contributions of nucleic acid structure and amino acid interactions to binding specificity. .
-_ -them) in place of BOP in the standard BOP + I-hydroxybenzotriazole coupling programs. Peptides containing alanine and proline mutations were prepared by multiple peptide synthesis using an Abimed 422 synthesizer and standard programing. Protecting groups used were: 2,2,5,7,6-pentamethylchroman-6-sulfonyl (Pmc), Arg; trityl, Gin, Asn: t-butyl ester, Glu; t-butyl, Thr; t-butyloxycarbonyl, Trp. Syntheses with unprotected Trp resulted in extensive addition of Pmc to the indole ring, even in the presence of thiol-or silyl-based scavengers. PAL-PEG-PS resin (Millipore) was used for the synthesis of peptides with C-terminal amides; peptides with unblocked C-termini were synthesized using Arg(Pmc)-PAC-PEG-PS, prepared by coupling hydroxymethylphenoxyacetic acid to ethylenediamine-functionalized PEG-PS and then Cleavage of multiply synthesized peptides was performed automatically with Reagent R using a Gilson autosampler system as described (Buettner et al., 1993) . Other peptides were cleaved manually.
Amino acid composition was determined by hydrolysis in 6 M HCI at 156OC for 90 min on a Waters Pica-Tag workstation, followed by analysis with a Hewlett Packard Aminoquant 1090M with PASCAL workstation and standard ortho-phthaldialdehyde-Fmoc chemistry. Peptides were purified on a C, reverse-phase high pressure liquid chromatography column (Vydac), using an acetonitrile gradient of 0.2% per min in 0.1% trifluoroacetic acid. Peptide absorption spectra were recorded, and concentrations of most peptides were determined by tryptophan absorbance at 278 nm (E = 5600 Mm' cm.-'; Creighton, 1993) . The concentrations of non-tryptophan-containing peptides were determined by peptide absorbance at 229 nm, using known peptide standards. Purity and concentrations were confirmed by native gel electrophoresis (20% polyacrylamide in 30 mM sodium acetate [pli 4.5)) in which peptides were visualized by Coomassie blue staining. Peptide molecular weights were confirmed by mass spectrometry on a Finnegan SSQ-700 spectrometer with electrospray ionization.
RNA Synthesis and Purification
Wild-type and mutant II6 RNAs were transcribed in vitro by T7 RNA polymerase, using synthetic oligonucleoltide templates (Milligan and Uhlenbeck, 1989) . All RNAs contained GG at the 5' end, which increases the efficiency of transcription, and CC at the 3' end to base pair with the Gs. For randomly labeled RNA, [@P]CTP (3000 Cl/ mmol; NEN) was included in the transcription reaction. RNAs were purified on 20% polyacrylamide-8 M urea gels, eluted from the gels in 0.5 M ammonium acetate, 1 mM EDTA, 0.1% SDS, and ethanol precipitated. Purified RNA was resuspended in sterile deionized water. The concentrations of radiolabeled RNAs were determined from the specific activity of $P]CTP incorporated into the transcripts. Unlabeled RNA was quantitated by spectrophotometry.
RNAs were renatured by incubating in renaturation buffer (20 mM Tris-HCI [pH 7.51. 100 mM NaCI) for 2 min at 90°C, followed by slow cooling to room temperature.
RNA Binding Gel ShlfI Assays Gel shift assays were performed at 4'X unless described otherwise. Peptide and RNA were incubated together for 15 min on ice in 10 ~1 binding reactions containing 10 mM HEPES-KOH (pH 7.5), 100 mM KCI, 1 mM MgClz, 0.5 mM EDTA, 1 mM dithithreitol, 50 pglml E. coli tRNA, and 10% glycerol. To determine relative binding affinities, 0.5 nM radiolabeled IIB RNA (or IIB mutant) was titrated with peptide. Peptide-RNAcomplexes were resolvedon 10% polyacrylamide, 0.5 x TBE gels that had been prerun for 1 hr and allowed to cool to 4OC. Gels were electrophoresed at 220 V for 3 hr at 4OC, dried, and autoradiographed.
CD
analysis of Escherichia coli seryl-tRNA synthetase at 2.5 A. Nature CD spectra were measured using an Aviv model 62DS spectropolari-347, 249-255. meter. Samples were prepared in 10 mM potassium phosphate buffer Daly, T. J., Rusche, J. R., Maione, T. E., and Frankel, A. D. (1990) . (pH 7.5) and 100 mM KF, and temperature was maintained at 4'C Circular dichroism studies of the HIV-1 Rev protein and its specific unless described otherwise. Spectra were recorded from 320 nm to RNA binding site. Biochemistry 29, 9791-9795. 190 nm, using a 1 cm path-length cuvette, and the signal was averaged for 10 s. Scans were repeated five times and averaged. Peptide concentrations were typically 5-20 pM, and ellipticity was calculated per amino acid residue.
Ellenberger, T. E., Brandl, C. J., Struhl, K., and Harrison, S. C. (1992) . TheGCN4 basic region leucine zipper binds DNAasadimerof uninterrupted a helices: crystal structure of the protein-DNA complex. Cell 71, 1223-I 237.
Construction
of Pleemlds and CAT Aeeays The RRE IIB reporter plasmid was constructed by cloning synthetic oligonucleotide cassettes into the HIV LTR of pHIV-CAT as described (Tao and Frankel, 1993) . Tat-Rev peptide hybrids were constructed by cloning Rev peptide-encoding cassettes into the fafgene of pSV2tat72 (Frankel and Pabo, 1988) after Tat amino acid 48. A Tat mutant truncated at the C-terminus of the Tat RNA-binding domain (amino acid 58) was also constructed. Mutations were confirmed by dideoxynucleotide sequencing. Reporter plasmids (50 ng) and Tat or Tat-Rev peptide fusion plasmids (SO-200 ng) were transfected into HeLa cells, and CAT activity was assayed after 46 hr as described (Calnan et al., 1991a) . Total plasmid concentrations were adjusted to 1 ug total DNA with nonspecific pUC18 DNA.
